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Abstract
In these proceedings we use recent LHC heavy-ion data to set a limit on axion-
like particles coupling to electromagnetism with mass in the range 10-100
GeV. We recast ATLAS data as per the strategy proposed in [1], and find results
in-line with the projections given there.
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1 Introduction
The LHC has completed its highest luminosity heavy-ion collision run (Pb-Pb), with ATLAS, CMS and
ALICE all recording data at a centre-of-mass energy per nucleon of
√
sNN = 5.02 TeV. In previous work
[1] we showed that the large charge of the lead ions (Z = 82) results in a huge Z4 coherent enhancement
in the exclusive production of axion-like particles (ALPs) that couple to electromagnetism, which can
lead to competitive limits for ALPs. This proceeding is an update to our previous work; we recast the
analysis of the ATLAS 480µb−1 data set [2] to provide limits on ALPs in the mass region 10 GeV <
ma < 100 GeV. In line with the projections in [1], we find that the LHC heavy-ion data provides
the strongest limits to date in this parameter range. While the physics potential of exclusive heavy ion
collisions has been known for decades [3–5], to our knowledge this represents the first time LHC heavy-
ion data sets the most stringent limit on a specific beyond the Standard Model physics scenario.
Ultra-peripheral collisions (UPCs) are quasi-elastic processes where the impact parameter is much
greater than the ion radius (see e.g. Refs. [6–8]). The ions remain (largely) intact, and there is a large
rapidity gap between any produced particle and the beam-line with very little detector activity. This clean
environment, along with the Z4 enhanced signal rate, provides a low background ALP search channel
that can perform better than searches using the p-p run.
The production of an ALP in a UPC proceeds via photon fusion—see Fig. 1—where we consider
a Lagrangian of the form
La = 1
2
(∂a)2 − 1
2
m2aa
2 − 1
4
a
Λ
FF˜ , (1)
where F˜µν ≡ µνρσFρσ/2, and with a being the pseudoscalar ALP of mass ma which couples to elec-
tromagnetism via the dimensionful coupling 1/Λ. Such a coupling can be obtained through the SU(2)L
invariant operator −aBB˜/(4 cos2 θWΛ) where B is the hypercharge field strength. Polarization effects
of the incoming photons can lead to different scalar and pseudoscalar production rates, but the effects are
relatively small when integrating over all impact parameters [9,10]. Our limits therefore apply for scalar
particles through the replacement F˜ (B˜)→ F (B) in Eq. (1).
Here we recap some of the details of our treatment in [1]. The ALP parameter space is already
substantially constrained by cosmological and astrophysical observations, as well as by a broad range
of collider and intensity frontier experiments (see e.g. [11, 12] for reviews and recent results). In the
regime of interest for UPCs (1 GeV . ma . 100 GeV), the existing constraints however come from
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Fig. 1: Exclusive ALP production in ultra-peripheral Pb-Pb collisions.
LEP and LHC [13–15]. In Fig. 2, we show the expected sensitivity from performing a bump hunt in
mγγ for UPCs, assuming a luminosity for the current (1 nb−1) and the high luminosity (10 nb−1) Pb-Pb
runs.1 For each mass point we computed the expected Poisson limit [16]. The dominant backgrounds
are estimated to be light-by-light scattering [3] and fake photons from electrons, and become negligible
for mγγ & 20 GeV. In the region which there is background, we assume the entire signal falls into a
bin of width 1 GeV. The signal selection criteria in this case are ET > 2 GeV and |η| < 2.5 for the
two photons and |φγγ − pi| < 0.04. The analogous limit from the exclusive p-p analysis performed by
CMS [17] is also shown, which is very weak due to low photon luminosities. For the FF˜ operator the
heavy-ion limits are significantly stronger, whereas for the BB˜ operator, traditional p-p collider limits
are enhanced due to additional production channels through the Z coupling.
Light-by-light scattering has been measured by the ATLAS collaboration [2], and the results were
consistent with our estimates and those in earlier computations [18–20]. Using the observed mγγ spec-
trum, we then derive an observed limit on ALPs for FF˜ and BB˜ couplings, which are shown in black
in Fig. 2. In detail, we generated Monte Carlo samples for the ALP signal using a modified version of
the STARlight code [21],2 which assigns a small virtuality to the photons and as such leads to a typical
pγγT . 100 MeV for the recoil of the γγ-system. We then follow the ATLAS analysis and apply the
following selection cuts on the signal:
1. Require exactly two photons with ET > 3 GeV and |η| < 2.4
2. Demand |φγγ − pi| < 0.03, where φγγ is the azimuthal angle between the two photons
The signal efficiency is ∼70% near threshold and becomes fully efficient if the sum of the photon ener-
gies exceeds 9 GeV. The selection criteria are slightly different from our previous theoretical analysis,
however we note that only the larger ET cut leads to noticeable changes for the efficiencies. Given
that we do not model photon identification at the detector level, we apply an extra total reconstruction
efficiency of 90%, which roughly takes into account the per-photon ID efficiency of 95% measured by
ATLAS.
The mγγ spectrum measured by ATLAS is plotted in bin-widths of 3 GeV, starting at mγγ = 6
GeV. For our exclusion, we generated samples with mγγ = 7, 10, 13, 16, ... GeV, and assume that all the
events are contained in their respective bins after final selection. We further assume that ATLAS did not
observe any events with mγγ & 30 GeV. The 95% exclusion limits on the coupling 1/Λ are obtained
assuming only statistical uncertainties. A more detailed CLs analysis that includes a proper treatment of
systematics would yield slightly more conservative limits, and we encourage the experimental commu-
nity to include such an analysis as it is beyond the scope of our simulation framework.
In summary, we have found that heavy-ion collisions at the LHC can provide the best limits on
ALP-photon couplings for 7 GeV < ma < 100 GeV, confirming our previous estimates. The very
1Limits from the p-Pb runs are not competitive despite their higher luminosity, because of the less advantageous Z2 scaling
of the production rate. Collisions with lighter elements, e.g. Ar-Ar, may set relevant limits if the luminosity could be enhanced
by two to three orders of magnitude, as compared to current Pb-Pb run.
2Our patch for ALP production is now included in the latest STARlight release.
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Fig. 2: Left: We show 95% exclusion limits on the operator 14
1
ΛaF F˜ using recent ATLAS results on heavy-ion
UPCs [2] (solid black line). The expected sensitivity assuming a luminosity of 1 nb−1 (10 nb−1) is shown in solid
(dashed) green. For comparison, we also give the analogous limit from 36 pb−1 of exclusive p-p collisions [17]
(red dot-dash). Remaining exclusion limits are recast from LEP II (OPAL 2γ, 3γ) [22] and from the LHC (ATLAS
2γ, 3γ) [23, 24] (see [1] for details). Right: The corresponding results for the operator 14 cos2 θW
1
ΛaBB˜. The LEP
I, 2γ (teal shaded) limit was obtained from [14].
large photon flux and extremely clean event environment in heavy-ion UPCs provides a rather unique
opportunity to search for BSM physics.
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